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SUMMARY

The major impediment to the culture of penaeid shrimp in captivity in the
United States has been an inability to obtain ovarian maturation and spawning.
Lipid profiles of tissues (gonads, hepatopancreas, and tail muscle) of Penaeus setiferus
caught at sea have shown that cholesterol is the dominant sterol and that poly-
unsaturated fatty acids known to be essential in man comprise a significant portion
of the fatty acid fraction. A proprietary marine ration contains cholesterol, but is
devoid of polyunsaturated fatty acids. Ovarian maturation and spawning were
obtained when the shrimp diet was supplemented with an annelid rich in lipids
containing these compounds. The biochemical significance of these findings is
discussed.
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INTRODUCTION

Wild stocks of shrimp are being depleted, their natural habitat is threatened
by pollution, and increasing energy costs are adversely affecting the economics of
shrimping. These factors alone are sufficient to stimulate an interest in the breeding
of shrimp in captivity. Of greater long-term significance, however, is that the
achievement of this objective would open the door to selective breeding to obtain
animals with superior characteristics. Previous attempts to obtain spawning of

" Presented at the f4th International Symposiumt on Advances in Chromatography, Lausanne,
Seprember 24-28, 1979. The majority of papers presented at lh]S symposium has been published in
J. Chmmﬂmgr Vol. 186 (1979).

" Present address: Texas Agricultural Experiment Station and Department of Wildlife and
Fisheries Sciences, Texas A & M University, P.O. Box 10607, Corpus Christi, TX 78410, U.S.A.
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penaeid shrimp in captivity in the United States have been less than successful:
ovarian maturation has not been obtained except in 1solated instances!+2.

The study of metabolic profiles has provided insight to many human bio-
chemical disorders®. Notable among these arc the discovery of new inborn errors of
amino acid metabolism*-¢, the diagnosis of diabetes mellitus by analysis of urinary
volatiles’, and the investigation of rheumatoid arthritis® and breast lesions’. We have
used a similar approach to the investigation of the maturation of female penaeid
shrimp.

The classes of compounds which we selected for study were steroids and
fatty acids'®. Shrimp arc unable to biosynthesize steroids'!, which are used by these
animals as molting hormones and membrane components. The essential fatty acids
also feature as membrane components and, in some animals, are precursors of
prostaglandins which are tmportant in reproduction’?,

The species of shrimp studied was the white shrimp Penaeus setiferus, native
to the Gulf of Mexico. Steroid and fatty acid profiles for the gonads, hepatopancreas
(digestive gland), and tail muscle of male and female specimens were determined,
and compared with the corresponding dietary profiles.

EXPERIMENTAL

Animals
P. setiferus were obtained from the Gulf of Mexico off the Texas coast. All

collections were made during the natural spawning season, which runs rom May to
September. The stages of gonadal development were estimated using gonadal
indices™. Appropriate tissues were removed as soon as possible after capture and
were frozen until analyzed.

Materials

| All solvents were Mallinckrodt Nanograde (Mallinckrodt, St. Louis, MO,
U.S.A.) except for anhydrous diethyl ether (U.S.P. grade) and hydrochloric acid and
sodium hydroxide (reagent grade). Samples were exposed only to Teflon, aluminium,
or glass rinsed with chloroform.

Extraction

The samples were homogenized in 20 ml of water and were saponified with
4 ml of 4 M sodium hydroxide by heating at 110°C for 2 h. Basic and neutral
components (including sterols) were extracted with 2 x 15 ml of diethyl ether
(extract A). Alter acidification with 2 ml of concentrated hydrochloric acid, acidic
components (including fatty acids) were extracted with 2 x 15 ml of diethyl ether
(extract B). Each extract (A and B) was fractionated by chromatography on separate
20 X 1 cm.glass colurans containing activated silica gel (80-200 mesh). In each case,
a 40-ml benzene eluate was discarded and the components of interest were eluted with
40 ml of ethyl acetate. Thus, a slerol and a fatty acid fraction were obtained.

Analysis -
' Sterols were analyzed as trimethylsilyl (TMS) ethers, prepared using bis-
-(trlme'thy[silyl)acetamide (Supelco, Bellefonte, PA, U.S.A.) and fatty acids as methyl
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esters, prepared using dimethylformamide dimethylacetal (Pierce, Rockford, IL,
U.S.A.). Gas chromatography was performed using Perkin-Elmer 3920B instruments
equipped with flame ionization detectors and 2m x 2 mm I.D. silanized glass
columns containing 3%, OV-1 on Gas-Chrom Q (100-120 mesh), programmed {rom
100 to 270°C (fatty acid methyl esters) or 200 to 270°C (sterol TMS ethers). The
injection port and interface temperatures were, respectively, 250 and 280°C. Some
analyses were performed using a similar column with SP-2330 as the stationary phase
or a 10-m glass capillary column coated with OV-101. Combined gas chromato-
graphy-mass spectrometry (GC-MS) was performed using a Hewlett-Packard 5992A
instrument equipped with a 2 m X 2 mm L.D. silanized glass column containing 3%
OV-1 on Gas-Chrom Q, with appropriate temperature programs and an electron .
cnergy of 70 eV.

RESULTS AND DISCUSSION

Shrimp sterols

The relative concentrations of sterols in the three major tissues (gonad,
hepatopancreas, tail muscle) of both sexes of P. setiferus are given in Table 1.
Cholesterol was always the predominant sterol, and 22-dehydrocholesterol was found
in most samples. Desmosterol was also found in some samples. 24-Methylcholesterol
and sitosterol were encountered only in the hepatopancreas. The identitics of all of
these compounds were verified by GC-MS.

TABLE 1

RELATIVE CONCENTRATIONS OF STEROLS " IN TISSUES OF P, SETIFERUS FROM THE
GULF OF MEXICO

Specimen™™  Tissue™™™ n  Cholesterol A% d“ﬂ 24—?;}'3 24—1:3:!

Malc G 6 98.7 1-19% 0.7+ 08 -
H 6 939 4+ 74 2.7 + 3.0 4.2 | 1.4 2.5+ 1.6 0.6 +1.3
T 6 82.2 4-40.3 0.7 + 0.9 0.2 + 0.6

Female G 2 100 + 0.0

(stage 1) H I 96,2 3.8
T 2 100 | 0.0

Female G 4 0990 L+ 0.8 1.0 4 0.8

(stage 2) H 4 84.0 1 11.3 5.5 + 3.8 5.1 4 3.7 3.3 &+ 2.6 2.2+ 1.7
T 4 995 + 1.0 0.3 + 0.5 0.3 = 0.5

Female G 2 98.1 + 2.7 1.0 | 1.3

(Stﬂgﬂ 3) H 3 89.8 5 3.0 4.6 - 1.8 3.1 . 3.2 1.6 I 2.8 0.9 T 1.6
T 3 100 + 0.0

Female G g 925 152 .7 + 0.8 0.3 +0.

(stage 5) H 8 82.5 |-4.7 64 +-1.9 5.2 4+ 1.2 4.0 + 1.2 2.0+ 1.1
T 8 100 + 0.0

" A% — 22-dchydrocholesterol; 4% = desmosterol; 24-Me = 24-methylcholesterol; 24-Et —
sitosterol. |
" For females, stage of development of ovaries is indicated: stage 1 is immature, stage 5 is
about to spawn. No stage 4 animals were collected.
"' G - gonad; H = hepatopancreas: T — tail muscle.
' Mean -+ standard deviation,
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TABLE 11

NTRATIONS OF SELECTED FATTY ACIDS IN TISSUES OF P. SETIFERUS FROM THE GULF OF MEXICO

RELATIVE CONCE

22:6

—-——m

18:7

16:1

16:0

20:5

20 :4

i8.:0

Tissue™™

Specimen”

Male

N o9 <
oo O oy
| ¢ [ ] | 1
=+ T1 —il
i~ )y
— —

QT

5.6 4 0.6
6.5 + 2.1

6.9
11.5 = 1.2

14.6 - 3.5
9.4 + 2.1

8.0 — 2.3
7.7 £+ 1.1

10.1

4.6 £ 0.6
6.6 +- 0.9
4.3 4 0.6
3.0 + 0.1
6.2 + 1.8
4.3 4 0.7

8.3

9.6 £ 0.8
12,8 4+ 0.2
16.1 +- 0.4
10.9 4 1.6
12.0 = 0.1

19.8

5.0 406
10,7 + 2.5

87 £ 1.6
4.8 £+ 0.1
11.4 4- 3.3

2.1

13.1 + 2.7

15,2 + 0.8

8.5 + 0.1
80 + 1.1

8.3
11.0 4- 0.8

1.6
5
3

19.1
24,
17

O T =

Female
(stage 1)

8.4 - 0.3

11.2 +1.2

11.0 = 1.1
10,9 4- 0.2
8.5 £ 0.6
10.9 4- 0.6
10.7 4+ 0.8

M = o
-+ -H ]
%0 %0

-—-rx—l[‘*-:

~ O o—

el I aul B N

O L~

Female
(stage 2)

16.2 4 4.5

12.8
8.6 + 2.2

4.4 -4 0.4
5.1 + 1.2

7.4 = 1.5
11.8 + 0.3

7.8 4- 0.4
8.3 + 0.3
11.9 £+ 0.9

8.7 = 0.3
105 £ 1.4

D0 I

Female
(stage 3)
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8.8 + 2.3

OEE—*:

Female
(stage 5)

For females, stage of development of ovaries is indicated: stage 1 15 immature

, stage 5 is about to spawn. No stage 4 animals were collected.

tail muscle,

gonad; H = hepatopancreas; T

Mean — standard deviation.
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b
[
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Cholestcrol has been known in marine invertebrates since the turn of the
century™®, and is a common shrimp sterol'®. It is derived from the diets of species
which are unable to synthesize it!4—18.

22-Dehydrocholesterols (22-cis and 22-trans) are also widely distributed marine
sterols™**. The origin of this compound is not clear. In mammals, the formation of
(22R)-22-hydroxycholestcrol is the first step in the conversion of cholesterol into
Ca1, Cug, and Cyg steroids®. Such steroids in crustaceans apparently do not share the
significance of their counterparts in mammals®, It is tempting to speculate that
(22R)-22-hydroxycholesterol is dehydrated to 22-dehydrocholesterols in some marine
organisms and, like cholesterol, is transferrcd through the marine food web.

Desmosterol was first reported in a crustacean and has been found since in
other crustaceans®®. These animals can convert dietary desmosterol into cho-
lesterol?>:20,

It 1s of interest that we found 24-methylcholesterol and sitosterol in the
hepatopancreas but not in the gonads or tail muscle. Both of these phytosterols can
be converled into cholesterol by crustaceans'®?’—3', QOur data indicate that the
metabolism of these dietary sterols takes place in the hepatopancreas or, perhaps,
some tissue other than the gonads and tail muscle.

Shrimp fatty acids
Analytical data for fatty acids in all three tissues of P. setiferus cxamined are

given in Table II. Their identities were verified by GC-MS. Most samples contained
the full range of saturated and unsaturated fatty acids from C,, to C,.. Compounds
included i Table II are the major fatty acids: palmitic (16:0), palmitoleic (16:1),
stearic (138:0), oleic (18:1), arachidonic (20:4), 5,8,11,14,17-eicosapentaenoic (20:5).
and 4,7,10,13,16,19-docosahexaenoic (22:6) acids. Their relative concentrations are
expressed as percentages of the total fatty acid content.

The saturated and monounsaturated fatty acids are presumably most impor-
tant as membrane components. Those which are likely to be most significant to
reproduction are certain of the polyunsaturated fatty acids. The most prominent of
the latter compounds in many samples are arachidonic acid, 5,8,1 1,14,1'7-e1cosapen-
taenoic acid, and 4,7,10,13,16,19-docosahexaenoic acid.

The Cy acids are precursors of prostaglandins in many animals'2, While there
arc no reports on endogenous prostaglandins in crustaceans, experiments performed ir
vitro have resulted in the conversion of the 20:3 acid into prostaglandin E, in low
yield by lobster stomach and gill homogenates*2. Since prostaglandin concentrations
arc particularly high in human seminal Mluid**—** and since these compounds have
peen 1mplicated in the stimulation of uterine contractions during labour!?, it has
been suggested'® that a role of the C,, acids in the reproduction of shrimp is mediated
by prostaglandins.

Prostaglandins and prostaglandin analogues have been produced in vitro using
sheep vesicular gland homogenates only from Cio, C,g, and C,; substrates®®37. There
have been no reports of the formation of prostaglandin analogues from the 22:6
acid or other C,, acids. A correlation has been noted, however, between the sex ratio
of zooplankton and the content of heneicosahcxaene in algal feed at the nauplius
stage’®, and it has been suggested!® that the 22:6 acid is the active compound, while
the hydrocarbon is merely a decarboxylation product.
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There 1s strong circumstantial evidence to suggest that polyunsaturated fatty
acids are involved in some capacity in the reproductive process, and attention to
this possibility should be given in designing feedstocks for shrimp mariculture.

Dietary lipids

The fatty acid content of many crustaceans reflects that of their diets?—*!. Of
particular interest 1s the observation that the lipid content of the coconut crab is very
similar to that of coconuts*.. Thus, the foregoing discussion has shown that atten-
tion should be given to the sterol and fatty acid content of the diets of penaeid
shrimp if they are to be expected to spawn in captivity.

The fatty acid composition of a commercially available marine chow is given
in Table IIl. Cholesterol is the only sterol in this formulation. While the sterol
content appears to be appropriate, there is clearly a deficiency of polyunsaturated
fatty acids. If this feedstock is to be used for maturation, it should be supplemented
with additives containing sufficient essential fatty acids.

TABLE III

RELATIVE CONCENTRATIONS OF SELECTED FATTY ACIDS IN COMMERCIALLY
AYAILABLE MARINE CHOW AND THE BLOODWORM G. DIBRA NCHIAT A

Specrmen I6:0 16 1 180 181 20.4 - 5* 22:6
Marine chow 21.6 3.3 7.6 27.1 3.5 ].7_
Bloodworm (live) i2.9 4.5 6.6 10.7 21.5 10.0

Bloodworm (frozen) 19.4 2.8 4.3 11.1 20.3 10.7

*20:4 and 20:5 not resolved on QV-1.

Among the feedstock supplements which we have investigated is the blood-
worm Glycera dibranchiata. The fatty acid proﬁle (Fable 111) of this annelid appears
to be appropriate for use with shrimp.

Feeding trials

P. setiferus were maintained in captivity with a diet supplemented with
G. dibranchiata. The fatty acid profiles of these animals after three months on this
diet are given in Table 1V. These profiles are very similar to those for the wild shrimp
in Table II. Ovarian development and spawning were obtained 3-4 weeks after the
experiment was initiated: 63 egg collections yielded a total of 4.3 million eggs®.
Fertilization did not take place since the male shrimp had a Vibrio infection. More
recently, however, this protocol has resulted in the production of viable larvae of
P. stylirostris®,

Even though the fatty acid profiles of the wild and captive shrimp were
similar, there were significant (£ << 0.05) differences between the total lipid contents
of the two groups of animals, as shown in Table V. The hepatopancreas lipid
content of the captive shrimp was 2.0-4.4 times that of the wild shrimp, the gonad
lipid content of the captive shrimp was 1.2-2.0 times that of the wild shrimp, while
the tail muscle lipid content of the captive shrimp was only 1.1-1.4 times that of the
wild shrimp. The higher concentrations of the lipids in the captive shrimp indicate



TABLE IV
RELATIVE CONCENTRATIONS OF SELECTED FATTY ACIDS IN TISSUES OF P. SETIFERUS GROWN IN THE LABORATORY
Spemmen Tissue™" 1 160 16:1 18.:0 18:1 20:4 20:5 22:6
Female G 0 — - — — - — —
(stage 1) H | 21.0 4.4 5.5 7.4 2.1 [2.5 17.2
T 1 14.7 3.9 10.1 10.0 10.2 17.9 18.2
Female G 3 19.6 + 1.0™** 5.1 0.9 6.5 + 0.0 159 4+ 1.5 3.8 - 0.5 16.8 + 0.7 18,8 + 0.8
(stage 2) H 3 25.6 + 2.5 5.8+ 1.4 3.0+ 07 9.5 +-0.6 2.0 + 0.6 104 4 0.9 13.2 £ 2.2
T 3 19.0 £ 1.0 4.9 4+ 0.3 11.0 4 0.5 13,1 + 1.1 4.8 + 0.3 16,5 = 0.7 17.6 4+ 0.9
Female G 2 20.4 - 0.5 6.8 = 0.0 58 +0.2 i4.8 + 0.9 3.0 + 0.1 15.5 £ 0.2 19.6 = 0.1
(stage 3) H 2 294 + 1.8 8.1 - 0.1 3.7 4+ 04 8.3 0.2 1.6 = 0.1 8.9 + (.8 10.8 £ 2.3
T 2 199 4- 1.4 6.2 +04 10.2 4 0.4 126 = 1.2 4.4 -+ 0.1 16,7 4+ 1.3 17.8 + 0.8
Female G 2 21,0 4+ 1.0 6.9 4+ 1.3 5.7 4 0.0 16.1 - 1.6 2.8 = 0.3 13,5 + 0.7 18.6 -+ 1.8
(stage 4) H 2 26,5 4+ 2.3 85 + 1.2 2.9 4 0.1 93 + 0.8 1?——00 11.2 4+ 1.3 140_LD4
T 2 179 + 1.1 5.6 + 0,2 9.7 + 0.1 13.6 + 0.3 4,3 - 0.6 150 4+ 0.9 17.0 + 1.8
Female G 2 23.0 + 0.8 7.1 4- 1.8 7.0 ++ 0.1 147 + 0.4 2.5 -4 0.1 126 4+ 0.4 18.5 + 1.4
(stage 5) H 1 26.0 4.7 5.7 8.9 2.1 9.1 13.0
T 2

18.5 + 2.1 48~L1 1 10.8 4- 0.8 127 + 0.2 4.5 = 0.4 18.1 -- 1.3 19.6 £ 2.0

dIWIAHS AIaVNAd 40 STTII0Ud DI'109VIAN

Stage of develupment of ovaries is mdmated stage 1 is 1mmature stage 5 is about to spawn.
"* G = gonad; H = hepatopancreas: T = tail muscle.
*** Mean + standard deviation.

$Of
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TABLE V

TOTAL LIPID CONTENT (%) IN TISSUES OF P. SETIFERUS FROM THE GULF OF MEXI-
CO AND GROWN IN THE LABORATORY

Specimen’ Tissue™™ G u{f‘s*kﬁ'mp Captive shrimp
n % lipid H 9 lipid

Mﬂ.lﬂ G 5 2.9 T 0.7*** 0 —

H 5 24.1 + 204 0 —

T 5 40 4+ 04 0 —
FEIHEL]E G 2 6.0 I 1.8 0 —
(stage 1) H 2 22.6 + 127 i 44.9

T 2 4.2 + 0.1 I 4.6
Female G 2 1.7 + 9.1 3 15.4 I i.9
(Stﬂgﬁ: 2) H 2 13.6 - 0.1 4 32.9 I 20.6

T 2 3.5 + 0.1 4 4.8 + 0.4
Female G P 136 + 0,3 5 19.4 + 2.3
(stage 3) H 3 I5.1 + 2.1 5 66.8 + 0.8

T 2 3.6 + 0.2 5 5.1 + 0.3
Female G 0 — 3 2001 0.9
(stage 4) H 0 — 3 51.4 4 19.7

T 0 — 3 46 | 0.3
Fema]e O 6 16.1 -1 1.1 3 19.5 T 1.1
(Stﬂ.gﬂ 5) H 4 ]]-7 T 5.9 3 23.6 1 6.%

T 6 3. 84 0.2 3 4.6 4- 0.2

—_ - - . - - e e —

*:r **! TR FﬂﬂtnﬂtES das in Tﬂ.blﬂ V.

that the artificial diet of the captive shrimp, while adequate for inducing maturation
and spawning, 1s not optimum. Further refinement of the artificial diet is required to
reduce the accumulation of lipids in animals which are fed with it.

CONCLUSIONS

Fatty acid and sterol profiles were obtained for penaeid shrimp caught at sea.
These profiles were duplicated in captive animals, and spawning resulted.

There have been many reports of seasonal changes in the lipid content and
composition of crustaceans: Astacus astacus®®, Astacus leptodactylus®s, Orconectes
rusticus®’, Palaemon carcinus*®, and Panulirus polyphagus*®. These changes probably
reflect differeces in diet rather than changes in temperature. Minor variations in
lipid content throughout the molt cycle, however, have been observed??:3,

Our success in using G. dibranchiata as a feedstock additive is probably also
related to the diet of the bloodworm. The essential fatty acids probably derive ulti-
mately from phytoplankton, and other routes through the food web to shrimp
could be envisioned.

Finally, it is not impossible that a factor other than dietary lipid content was
responsible for the promotion of ovarian development. Now that spawning is
possible in captivity on a reproducible basis, experiments can be performed to resolve
some of these issues,
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